We hypothesized that improved diaphragmatic neuromechanical coupling during inspiratory loading is not sufficient to prevent alveolar hypoventilation and task failure, and that the latter results primarily from central-output inhibition of the diaphragm and air hunger rather than contractile fatigue. Eighteen subjects underwent progressive inspiratory loading. By task failure all developed hypercapnia. Tidal transdiaphragmatic pressure ( Pdi) and diaphragmatic electrical activity ( EAdi) increased during loading -the former more than the latter; thus, neuromechanical coupling ( Pdi/ EAdi) increased during loading. Progressive increase in extra-diaphragmatic muscle contribution to tidal breathing, expiratory muscle recruitment, and decreased end-expiratory lung volume contributed to improved neuromechanical coupling. At task failure, subjects experienced intolerable breathing discomfort, at which point mean EAdi was 74.9 ± 4.9% of maximum, indicating that the primary mechanism of hypercapnia was submaximal diaphragmatic recruitment. Contractile fatigue was an inconsistent finding. In conclusion, hypercapnia during acute loading primarily resulted from central-output inhibition of the diaphragm suggesting that acute loading responses are controlled by the cortex rather than bulbopontine centers.
Introduction
Alveolar hypoventilation is a common finding in patients with a multitude of respiratory disorders (Tobin et al., 2012) . Despite decades of research, we have a poor understanding as to why some patients exhibit alveolar hypoventilation and others, with apparently equivalent physiological derangements, do not. Attempting to shed light on this problem, investigators have conducted studies in patients with respiratory disorders (Tobin et al., 1986; , healthy volunteers (Mador et al., 1996; Eastwood et al., 1994) , and animal models (Sassoon et al., 1996; Kanter and Fordyce, 1993; Watchko et al., 1988) . Findings in these studies raise the possibility that some central (Gandevia, 2001) or local (Parthasarathy et al., 2007) mechanism may inhibit the respiratory muscles in the face of increased mechanical loads, and thus protect them against fatigue and damage -although at the cost of carbon dioxide (CO 2 ) retention.
Experimental evidence supports the existence of local protective mechanisms Mador et al., 1996; Eastwood et al., 1994) . In patients who developed hypercapnia during a failed trial of weaning from mechanical ventilation, we observed sequential recruitment of the extradiaphragmatic muscles (Parthasarathy et al., 2007) . The sequence began with greater-than-normal activity of inspiratory muscles followed by expiratory muscle recruitment. It is known that expiratory muscle activity is not confined to exhalation, but can also occur during inhalation and thus limit inspiratory shortening of the diaphragm (Abe et al., 1999) . As such, recruitment of extradiaphragmatic muscles may have a dual role during loading: to protect the diaphragm against contractile fatigue, and to improve diaphragmatic neuromechanical coupling by limiting diaphragmatic shortening.
Evidence also supports the existence of reflex mechanisms that inhibit central neural output under loaded conditions. Implicated mechanisms include group III and IV afferents and mechanoreceptors originating in the contracting respiratory muscles (Gandevia, 2001) . Reflex inhibition of central neural output causes hypercapnia, a potent source of air hunger (Banzett et al., 1996) . This consideration raises the possibility that reflex inhibition of central neural output during loading may also have a dual role: to protect the respiratory muscles against damage and contractile fatigue, and to trigger intolerable air hunger, leading to task failure.
The objective of the current study, conducted in healthy volunteers, was to elucidate the physiological mechanisms involved in the development of CO 2 retention during progressive inspiratory threshold loading. In subjects undergoing progressive inspiratory threshold loading, we hypothesized that improvements in diaphragmatic neuromechanical coupling secondary to extradiaphragmatic muscle recruitment are insufficient to prevent alveolar hypoventilation and task failure, and the latter will result primarily from reflex inhibition of central neural output to the diaphragm and air hunger rather than contractile fatigue.
Methods
Experiments were performed on 18 healthy subjects (4 female), mean (±SE) age 33 ± 2 years; all but one were naïve to the investigation's purpose. The study was approved by the Institutional Review Board of Edward Hines, Jr. Veterans Affairs Hospital, which conforms to the provisions of the Declaration of Helsinki. Informed consent was obtained in writing from all subjects.
Measurements. Methods of measurements and data analysis have been described previously (Druz and Sharp, 1981; Beck et al., 2009) . Signals of flow, volume, pressure (Paw) and end-tidal partial pressure of carbon dioxide (P ET CO 2 ) were recorded at the mouth. Esophageal (Pes) and gastric pressures (Pga) were measured with balloon-tipped catheters (Laghi et al., 1996) . Crural diaphragm electrical activity (EAdi) was recorded with 9 stainlesssteel electrodes mounted on a polyurethane tube positioned across the gastroesophageal junction and wired as 8 overlapping bipolar pairs (Beck et al., 2009) . Bilateral surface electrodes recorded compound diaphragmatic action potentials (CDAPs) elicited by phrenic nerve stimulation (Laghi et al., 1996) . Two pairs of surface electrodes (lower abdomen and rectus abdominis) recorded abdominal muscle recruitment ( Fig. 1) (Strohl et al., 1981) . Cross-sectional area of upper and lower abdomen was monitored with respiratory inductive plethysmography (RIP) bands placed 2-3 cm above and 2-3 cm below the umbilicus. All signals were recorded continuously.
Experiment 1: neuromechanical coupling and central fatigue during loading
The purpose of this experiment, conducted in 17 subjects, was threefold: to examine diaphragmatic neuromechanical coupling during threshold loading; to measure extent of diaphragmatic recruitment at task failure (central fatigue); and to explore whether changes in diaphragmatic neuromechanical coupling during loading resolve after task failure.
After placement of transducers, subjects performed at least three inspiratory capacity (IC) maneuvers (Hussain et al., 2011) to determine maximum voluntary diaphragmatic activation (maximum EAdi) (Fig. 2) Juan et al., 1984) . Thereafter, subjects sustained an incremental inspiratory threshold load until task failure (Eastwood et al., 1994; Laghi et al., 2005) . At the start of loading, a 200-g weight was placed on a platform connected to a one-way plunger valve. Every minute, the inspiratory load was increased by 100 g (Laghi et al., 2005) . Loading was terminated when a subject was unable to sustain the breathing task Anterior abdominal-wall landmarks and position of two pairs of surface electrodes from which electromyographic activity was recorded. Ground electrodes (not shown) were placed as close as possible to the pairs of recording electrodes. Before placement of any electrode pair, the lateral border of the rectus abdominis muscle was identified using an ultrasound probe to enable proper positioning of the electrodes relative to the muscle. despite strong encouragement (task failure). No instructions were given to the subjects regarding what breathing pattern to adopt (Laghi et al., 2005; Eastwood et al., 1994) .
Immediately after task failure, subjects were asked whether they stopped because of unbearable breathing effort (defined as "sensation of excessive respiratory muscle contraction to breathe in"), unbearable air hunger (defined as "the unbearable discomfort when asked to hold your breath longer than what you could") or other reasons (Laghi et al., 1998) .
Immediately before and immediately after task failure, and 5 and 15 mintes later, subjects breathed through a small, constant inspiratory threshold load set at −20 cm H 2 O for at least 1 min (Fig. 2) .
Experiment 2: end-expiratory lung volume and abdominal-wall muscles recruitment during loading
The purpose of this experiment was to determine whether changes in end-expiratory lung volume (EELV; 10 subjects) and abdominal muscle recruitment (5 subjects) accompanied changes in diaphragmatic neuromechanical coupling during loading.
Following instrumentation (same as Experiment 1 plus abdominal electrodes and RIP bands), subjects undertook threshold loading. To track changes in EELV, subjects were required to perform one IC maneuver against no external load every minute during loading, and at task failure (Hussain et al., 2011) .
Experiment 3: threshold loading and respiratory muscle fatigue
The purpose of this experiment, conducted in 8 subjects who sustained inspiratory threshold load to task failure, was: to determine whether contractile fatigue of respiratory muscles contributes to task failure and to identify determinants of contractile fatigue.
Contractile fatigue was assessed by measuring the transdiaphragmatic twitch pressures elicited by electrical stimulation (electrical-PdiTw) and magnetic stimulation of the phrenic nerves Following at least three inspiratory capacity maneuvers (IC), used to record maximal electrical activity of the crural diaphragm, subjects breathed through a small constant inspiratory threshold load (TL) set at −20 cm H2O for at least 1 min. Thereafter, subjects sustained an incremental inspiratory threshold load until task failure. Immediately after task failure, and 5 and 15 min later, subjects breathed again through the small, constant load for at least 1 min.
(magnetic-PdiTw) before and after loading (Laghi et al., 1996) . The rationale for using both techniques was based on the observation that electrical-PdiTw selectively quantifies diaphragmatic contractility while magnetic-PdiTw is affected by both diaphragmatic and rib-cage muscle contractility (Similowski et al., 1998; Mador et al., 1996) .
After placement of all transducers (same as Experiment 1 plus electrodes to record CDAPs), maximal voluntary Pdi (Pdimax) was measured during at least five maximal Müller-expulsive efforts at EELV (Laghi et al., 1998 ). Approximately 10 s following each Pdimax maneuver, electrical and magnetic phrenic-nerve stimulations were delivered at relaxed EELV in random order. This sequence was repeated at task failure and 20 and 40 min later.
Data processing
EAdi signals were processed using the methods of Sinderby et al. (1998) . These signals were normalized to the maximum EAdi recorded during IC maneuvers ( Fig. 2) . Abdominal electromyographic (EMG) signals (Experiment 2) were rectified, moving-averaged and normalized to the maximum signal recorded during loading (Strohl et al., 1981) . No processing was required to measure surface CDAP amplitudes elicited by phrenicnerve stimulations (Experiment 3) (Laghi et al., 1996) .
Physiologic measurements
Diaphragmatic neuromechanical coupling was assessed as the ratio of tidal change in Pdi to tidal change of the normalized EAdi ( Pdi/ EAdi) (Druz and Sharp, 1981; Beck et al., 2009) . Processed abdominal EMG signals were marked at three points in time: the highest value during exhalation (maximal activity during neural exhalation), beginning of inhalation (onset of neural inhalation), and highest value during inhalation (maximal phasic activity during neural inhalation). Tension-time index of the diaphragm (TTdi) was quantified using standard formulae (Laghi et al., 1996) . Relative contribution of different respiratory muscles to tidal breathing was assessed as ratio of tidal change in Pga to tidal change in Pes ( Pga/ Pes) (Hussain et al., 2011) . Electrical-PdiTw and magneticPdiTw were measured as the difference between maximum Pdi displacement elicited by phrenic-nerve stimulations and the value immediately before stimulations. Twitch responses were accepted if they satisfied standard criteria (Laghi et al., 1998 ).
Statistical analysis
Normally distributed data are presented as mean ± SE. Nonnormally distributed data are presented as median and interquartile ranges (IQR). For analysis, non-normally distributed data were logarithmically transformed (Hussain et al., 2011) .
For threshold loading runs, physiologic data were analyzed at five points in time: start and end of loading, and three periods taken at equal time intervals between start and end of loading. Measurements were obtained from 5 to 10 consecutive breaths at each point. Data at the five time periods were compared by one-way analysis of variance (ANOVA) with repeated measures. Adjustments for multiple comparisons were made with the Sidak method when appropriate. Pearson's correlation coefficient (r) was used to detect correlation among variables. Statistical tests were 2-sided. p ≤ 0.05 was considered significant.
Results

Experiment 1: neuromechanical coupling and central fatigue during loading
The 17 subjects sustained loading for 7.8 ± 0.7 min. Fourteen stopped because of unbearable air hunger -either alone or in combination with unbearable breathing effort. Three stopped mainly because of unbearable breathing effort. P ET CO 2 increased in all subjects between the start and end of loading (p < 0.0005) (Fig. 3) . Likewise, global inspiratory effortquantified as tidal change in airway pressure ( Paw) -increased in all subjects between the start and end of loading (p < 0.0005) (Fig. 3) . Despite the increase in effort, tidal volume (V T ) decreased (p < 0.003).
Over the course of loading, both Pdi and EAdi increased (p < 0.0005) (Fig. 4) . The relative increase in Pdi was greater than the relative increase in EAdi. Accordingly, neuromechanical coupling ( Pdi/ EAdi) increased over the course of loading (p ≤ 0.005) (Fig. 4) . At task failure, EAdi was 74.9 ± 4.9% of maximum.
Neuromechanical coupling recorded while subjects sustained the small, threshold load (−20 cm H 2 O) just before the incremental loading ( Fig. 2 ) was 0.68 ± 0.07 cm H 2 O. Immediately after task failure, coupling increased to 0.80 ± 0.07 cm H 2 O (p < 0.004, ANOVA); 10 min and 30 min later, coupling had returned to baseline values: 0.66 ± 0.05 and 0.64 ± 0.07 cm H 2 O. 
Experiment 2: EELV and abdominal-wall muscles recruitment during loading
Incremental threshold loading caused a progressive increase in IC, extradiaphragmatic muscle contribution to tidal breathing ( Pga/ Pes), expiratory muscle recruitment (expiratory rise in Pga), and rate of transdiaphragmatic pressure development ( Pdi/T I ) (p ≤ 0.007 all instances) (Fig. 5) . The progressive increase in IC -mirroring decrease in EELV -was related to improvement in diaphragmatic neuromechanical coupling ( Pdi/ EAdi) (R 2 = 0.88).
Inspiratory loading triggered phasic electrical activity of the lower abdominal muscles during exhalation that increased as loading progressed (Fig. 6 ). This electrical activity continued at endexhalation, and was followed by phasic electrical activity during neural inhalation (p ≤ 0.0008 in all instances). The same pattern of muscle recruitment was recorded with surface electrodes in the distal rectus abdominis (data not shown). During loading, RIP signals from the upper and the lower abdomen demonstrated inconsistent patterns. Cross-sectional area of the upper abdomen increased during inhalation in three subjects and decreased in two. Cross-sectional area of the lower abdomen decreased during inhalation in four subjects and increased in one.
Experiment 3: threshold loading and respiratory muscle fatigue
Before threshold loading, mean electrical-PdiTw was 39.3 ± 2.8 cm H 2 O and mean magnetic-PdiTw was 46.2 ± 2.4 cm H 2 O (p = 0.002). After loading, electrical-PdiTw and/or magneticPdiTw decreased by ≥15% from baseline in four subjects indicating development of contractile fatigue (Kufel et al., 2002) (Fig. 7) . Duration of loading was 567 ± 65 s in the fatiguers and 661 ± 27 s in the non-fatiguers (p = 0.23).
To explore potential determinants of contractile fatigue of the diaphragm alone (as indicated by the decreases in electrical-PdiTw) or in combination with contractile fatigue of the rib-cage muscles (as indicated by the decreases in magnetic-PdiTw) (Similowski et al., 1998) , breathing pattern, respiratory muscle pressure output and recruitment during loading were compared in fatiguers and non-fatiguers.
Between the onset and end of loading, there were no differences in TTdi (Fig. 8) , Pga/ Pes, T I and EAdi between the two groups (data not shown). In contrast, respiratory frequency was faster and duration of exhalation was shorter in fatiguers than in non-fatiguers (p ≤ 0.04; ANOVA) (Fig. 9) . At task failure, PETCO 2 was 48 ± 3 mm Hg in fatiguers and 59 ± 3 mm Hg in non-fatiguers (p = 0.045).
Discussion
The main finding of the study is that hypercapnia during acute loading in awake subjects primarily results from reflex inhibition of central activation of the diaphragm. (Kufel et al., 2002) . Immediately after loading and 20 min later, electrical-PdiTw and/or magnetic-PdiTw decreased by >15% from baseline in four subjects; twitch pressures remained below the 15% fatigue threshold 40 min after loading in two subjects. (In one subject electrical-PdiTw was not available at 40 min because it was impossible to achieve supramaximal stimulation of the left hemidiaphragm during electrical stimulation.) Fig. 8 . Tension-time index of the diaphragm (TTdi) -an estimate of diaphragmatic inspiratory effort relative to diaphragmatic strength -during incremental inspiratory threshold loading until task failure in fatiguers (red) and non-fatiguers (blue). The horizontal box represents TTdi values ranging from 0.15 to 0.18, a threshold of diaphragmatic effort that cannot be sustained indefinitely. Between the onset and the end of loading, fatiguers (red) and non-fatiguers (blue) exhibited equivalent increases in TTdi (p < 0.0005; ANOVA). Data presented as mean ± SE and analyzed by ANOVA. Fig. 9 . Respiratory frequency (top panel) and exhalation time (bottom panel) during progressive inspiratory threshold loading until task failure in fatiguers (red) and non-fatiguers (blue). During loading, respiratory frequency was faster in fatiguers (red) than in non fatiguers (blue) (p = 0.041; ANOVA). This was accompanied by a shorter duration of exhalation (p = 0.006; ANOVA) during the first four quintiles of loading. This finding suggests that a shorter duration of exhalation, which hinders diaphragmatic perfusion, was linked mechanistically to development of respiratory muscle fatigue. Data presented as mean ± SE and analyzed by ANOVA.
Mechanisms of hypercapnia during acute incremental loading
That all participants developed hypercapnia underscores the soundness of the experimental model used to investigate the mechanisms of alveolar hypoventilation during acute mechanical loading. Alveolar hypoventilation was accompanied by submaximal EAdi and by inconsistent development of contractile fatigue. That is, the primary mechanism of hypercapnia was submaximal diaphragmatic recruitment caused by inadequate central activation.
What caused this inadequate central activation of the diaphragm? Severe hypercapnia can blunt respiratory motor output (Kellog, 1964) , although it is unlikely that this was the mechanism for the submaximal EAdi. The highest mean level of P ET CO 2 (59 ± 3 mm Hg) was well below the CO 2 tension associated with respiratory motor depression (Woodbury and Karler, 1960) . Moreover, the amplitude of EAdi during the IC maneuversrecorded when the mechanical load on the respiratory muscles was briefly removed (Experiment 2) -was not depressed by PCO 2 . The latter observation raises the possibility that the mechanical load on the respiratory muscles was causally linked to downregulation of respiratory output to the diaphragm.
Information concerning excessive mechanical load is conveyed from the respiratory muscles to the central nervous system via afferents originating in mechanoreceptors and by vagal and possibly phrenic-nerve afferents Gandevia, 2001) . The latter fibers are purported to contribute not only to inadequate central motor activation but also to diffuse noxious inhibition or 'dyspnea-pain counterirritation' . There is also evidence for the existence of a spinal pathway responsible for phrenic-to-phrenic reflex inhibition . Finally, the occurrence of a submaximal diaphragmatic EMG at task failure (Fig. 4) , a point when diaphragmatic length was probably at its longest (signified by the increase in IC; Fig. 5 ), is also consistent with previous observations in limb muscles (Libet et al., 1959 ) and the diaphragm showing a decrease in maximal EMG activity as muscle length increases. This presumably represents a reflex inhibition of muscle activation mediated via tendon reflexes -so-called autogenetic inhibition (Libet et al., 1959) . The net effect of these reflex pathways may be to inhibit the diaphragm in the face of potentially fatiguing loads, thereby protecting it from irreversible damage but at the cost of CO 2 retention.
The observation that EAdi was submaximal during threshold loading when both the chemical (hypercapnia) and mechanical load on the respiratory muscles were high but not when the mechanical load was briefly removed (IC maneuvers) are pertinent to the question of whether breathing during acute inspiratory loading in conscious subjects is primarily under the control of cortical motor areas or whether it is primarily under the control of bulbopontine respiratory centers (Tremoureux et al., 2010; Gandevia, 2001) . Cortical motoneurons, which project to inspiratory muscles (Gandevia, 2001) , are sufficient to activate all relevant spinal motoneurons (McKenzie et al., 1997) , whereas respiratory motor output does not completely activate the diaphragm during maximal chemical stimulation (Mantilla et al., 2011) . Accordingly, we reason that breathing during acute inspiratory loading in our subjects was primarily under the control of cortical motor areas. This possibility is supported by several considerations. First, although submaximal (Fig. 4) , activation of the diaphragm at task failure was 2-2.5 times greater than the greatest activation achievable by the bulbopontine respiratory centers during extreme chemical input (inhalation of 10% O 2 plus 35% CO 2 ) (Sieck and Fournier, 1989; Mantilla et al., 2010 Mantilla et al., , 2011 . Second, inspiratory threshold loading -and not hypercapnia-stimulated ventilation -generates so-called Bereitschaftspotentials or pre-motor potentials (Raux et al., 2007) . Finally, Brannan et al. (2001) , employing positron emission tomography, observed deactivation of the prefrontal cortex during stimulation of breathing with carbon dioxide.
Load-induced inhibition of the respiratory centers has to be understood in relative rather than absolute terms. This is because load-associated hypoventilation was accompanied by an increase (not a decrease) in the amplitude of the EAdi signal (Fig. 4) . The progressive increase in EAdi during loading was associated with improvement in diaphragmatic neuromechanical coupling. This improved coupling (despite progressive alveolar hypoventilation) is an unexpected and novel finding (Fig. 4) . Several mechanisms contributed to improved coupling.
By design, as loading increased so did the inspiratory effort ( Pdi) needed to produce V T . That is, as loading increased, a given Pdi resulted in less inspiratory volume and, thus, less muscle shortening. Decreased muscle shortening during inhalation would have fostered improved coupling (Gandevia et al., 1990; McKenzie et al., 1994) .
Loading was accompanied by an increase in phasic activity of the EMG signals recorded over the abdominal wall during inhalation (Fig. 6 ). This increase strongly suggests the presence of postexpiratory expiratory muscle recruitment. Expiratory muscle recruitment decreases abdominal-wall compliance (Eastwood et al., 1994) , which could have reduced inspiratory shortening of the diaphragm. Decreased abdominal compliance can also increase the fulcrum effect of the abdominal contents on the diaphragm (Druz and Sharp, 1981) -an effect that enhances more effective rib-cage displacement by diaphragmatic contraction during inhalation (Druz and Sharp, 1981) .
Additional mechanisms that could have improved coupling through expiratory muscle recruitment include a progressive reduction in EELV (Fig. 5) , with consequent improvement in the mechanical advantage of the diaphragm (Laghi et al., 1996; Beck et al., 1998; Grassino et al., 1978; De Troyer and Wilson, 2009 ), a progressive reduction in the cross-sectional area of the thorax (Gandevia et al., 1990) , and transient diaphragmatic lengthening (eccentric contraction) during inhalation (Gandevia et al., 1990) .
A decrease in diaphragmatic shortening improves the capacity of rib-cage and accessory muscles of inspiration to produce V T (Macklem et al., 1978) because it allows the diaphragm to act as both an agonist and a fixator (Macklem et al., 1978) . As an agonist, the diaphragm directly contributes to the generation of V T (Macklem et al., 1978) . As a fixator, it can prevent (or reduce) the transmission of pleural pressure to the abdomen (Macklem et al., 1978) . By so doing, the diaphragm could have prevented or limited abdominal paradox which otherwise would have occurred secondary to forceful contraction of the rib-cage and accessory muscles of inspiration (Tobin et al., 1987) . This possibility is supported by our RIP recordings of the upper abdomen that demonstrated an increase in cross-sectional area in three of five subjects.
During loading there was a progressive increase in the Pga/ Pes ratio (Fig. 5) , implying an increase in the rib-cage contribution to inspiration . Such increased rib-cage contribution can reduce diaphragmatic shortening (Druz and Sharp, 1981) , and contribute to improved diaphragmatic coupling (Druz and Sharp, 1981) .
The increase in Pga/ Pes ratio during loading together with the postexpiratory expiratory muscle recruitment -supported by our results (Fig. 6) and by previous investigations (Loring and Mead, 1982; Strohl et al., 1981) -suggests that loading triggered a coordinated action of extra-diaphragmatic muscles, which, in turn, improved the mechanical advantage of the diaphragm. In addition, co-activation of (inspiratory) rib-cage muscles facilitates the action of the diaphragm by reducing the muscle's velocity of shortening during contraction -a functional synergism (De Troyer, 2005) .
Diaphragmatic coupling while subjects sustained the small, constant threshold load recorded 5 and 15 min after loading was similar to the coupling recorded before loading. During these three time periods, the values of EELV, end-expiratory Pga and Pga/ Pes remained constant (data not shown). These results further support the possibility that improvements in the mechanical advantage of the diaphragm were indeed responsible for the improvement in coupling during incremental loading.
What was the ultimate cause of task failure?
The proximate cause of task failure was the intolerable discomfort required to breathe. Upstream processes responsible for this intolerable discomfort could include peripheral mechanisms, central mechanisms or both. Peripheral processes include impaired neuromuscular transmission and contractile fatigue (Hill, 2000) , while central processes include hypercapnia-induced dyspnea , dyspnea triggered by stimulation of intrathoracic C-fibers and intramuscular C-fibers , and dyspnea triggered by decreased output form pulmonary stretch receptors (Killian, 2006) . Two considerations suggest that peripheral mechanisms were not primarily responsible for the unbearable discomfort at task failure. Diaphragmatic CMAPs (elicited by stimulation of the phrenic nerves) at task failure and 20 and 40 min later had similar amplitudes to the amplitudes recorded before loading. That is, neuromuscular transmission at task failure and after task failure was not affected by the preceding loading. Moreover, the presence of contractile fatigue after loading was an inconsistent finding (Fig. 7) .
On this basis, we reason that upstream processes responsible for the intolerable breathing discomfort at task failure were central in origin. One mechanism was alveolar hypoventilation consequent to load-induced inhibition of central activation (Gandevia, 2001) . The presence of inadequate central activation in our subjects is inconsistent with the results of Eastwood and collaborators (Eastwood et al., 1994) who reported near maximal recruitment of the diaphragm at maximum load. The contrasting results likely stem from the fact that the Australian investigators (Eastwood et al., 1994) assessed the extent of inhibition of central activation with the twitch-interpolation technique, which is technically demanding during loading. Not surprisingly, Eastwood et al. (1994) were able to record interpolated twitches in only two out of three subjects undergoing inspiratory threshold loading. With this technique, it is difficult to determine whether small interpolated twitches at the conclusion of loading are the result of near maximal diaphragmatic recruitment or the result of submaximal phrenic-nerve stimulation, limited signal resolution (caused by the use of single, as opposed to paired, stimulations) (McKenzie et al., 1992) , disproportionate load-induced decrease in the Pdi signal elicited by single twitches as compared to paired twitches (McKenzie et al., 1992) , antidromic collision (Gandevia, 2001) , or axonal refractoriness (Gandevia, 2001) .
In addition, the amplitude of interpolated twitches is affected by the extent of diaphragmatic motor-unit recruitment and it is not affected by diaphragmatic motor-unit firing rate . That is, the interpolation technique provides one part of the information related to diaphragmatic activation . Recordings of EAdi, as in the current investigation, overcome the above limitations. On this basis, we feel confident that the submaximal EAdi at task failure was indeed evidence of load-induced inhibition of central activation, which, in turn, was at least one of the mechanisms responsible for task failure (Fig. 4) .
The central role of alveolar hypoventilation in determining task failure is supported by several considerations. CO 2 at task failure is an independent predictor of time to task failure in healthy subjects exposed to various inspiratory resistive loads (Gorman et al., 1999) . When healthy subjects breathe through a resistive load, time to task failure is shorter when rebreathing 5% CO 2 than when breathing room air (McKenzie et al., 1997) . Compared with our subjects, Mador et al. (1996) reported longer time to task failure (22.6 ± 2.2 vs. 7.8 ± 0.7 min, p = 0.0001) and lower P ET CO 2 (36 ± 1 vs. 46 ± 2 mm Hg, p = 0.002) when healthy subjects sustained a constant threshold load set at 60% of maximal inspiratory esophageal pressure. That is, the time to task failure is prolonged when threshold loading is not sufficient to produce a rise in CO 2 and when the load is "constant" and not "incremental".
Activation of bronchopulmonary and respiratory muscles Cfibers is an additional upstream mechanism for the intolerable breathing discomfort at task failure. Activation of bronchopulmonary C-fibers could have been triggered by the intense intrathoracic pressures developed during loading . Activation of respiratory muscle C-fibers could have been triggered by the load-associated increase in muscle tension . Bronchopulmonary and intramuscular C-fibers project to the cingulate gyrus . This area of the brain is strongly implicated in respiratory sensations . It follows that C-fiber stimulation during loading -particularly the C-fibers originating in the rib-cage muscles (Ward et al., 1988; Chiti et al., 2008; Similowski et al., 2000) -could have been causally linked to the intolerable discomfort during loading and at task failure.
Over the course of loading, V T decreased, and reached its nadir at task failure (Fig. 3) . This observation raises the possibility that a decreased afferent discharge originating in the pulmonary stretch receptors could have contributed to the intolerable discomfort to breathe at task failure. This possibility is supported by the observation that most subjects commented that the IC maneuvers performed during loading and at task failure provided an immediate, albeit temporary, decrease in respiratory discomfort. This finding is analogous to the relief of dyspnea that accompanies the first breath after breath holding (Flume et al., 1994) . Moreover, it sheds light on the observations of Banzett et al. (1996) and Gorman et al. (1999) , who reported that progressively greater mechanical constraint on inhalation augments the sensation of air hunger.
4.3. Modulation of diaphragmatic neuromuscular coupling during inspiratory threshold loading and contractile fatigue of the respiratory muscles Improvement in diaphragmatic coupling during loading was equivalent in fatiguers and non-fatiguers. Duration of loading, EAdi at task failure, and TTdi were also similar in the two groups (Fig. 8) . What distinguished non-fatiguers from fatiguers were a slower respiratory frequency and a longer T E (Fig. 9) . T I was similar in the two groups (data not shown). We speculate that the differences in breathing pattern were mechanistically linked to development of contractile fatigue. Specifically, relaxation time (T E ) and, thus, unhindered perfusion time [with possible post-contraction hyperemia (Bellemare and Bigland-Ritchie, 1987) ] were longer in the non-fatiguers than in the fatiguers. That is, greater diaphragmatic perfusion in the non-fatiguers satisfied the metabolic demands of the contracting muscle. This, in turn, could have protected the diaphragm from developing contractile fatigue (Bellemare and Bigland-Ritchie, 1987) .
Consequent to curtailment of T E , respiratory frequency was faster in the fatiguers than in the non-fatiguers (Fig. 9) . This finding raises two considerations. First, tachypnea could have promoted fatigue. P ET CO 2 , however, was lower at task failure in the fatiguers than in the non-fatiguers. Accordingly, either the breathing pattern of the fatiguers was effective at alleviating hypercapnia or the development of fatigue caused earlier onset of task failure. That the duration of loading was not significantly different between fatiguers and non-fatiguers supports the former rather than the latter possibility. Second, the inter-individual variability in the pattern of breathing during inspiratory loading is similar to that reported during inspiratory elastic loading and resistive loading (Axen et al., 1983 (Axen et al., , 1984 and during increased ventilatory requirements triggered by whole-body exercise (Gravier et al., 2013) . Some have speculated that the stimuli that arouse the behavioral responses to loading are nonchemical in nature (Axen et al., 1983) . In turn, the inter-individual variability in the pattern of breathing likely reflects inter-individual differences in the strength of the Hering-Breuer reflex (Gravier et al., 2013) .
Limitations
Please, see electronic supplementary material.
Implications for future research
Important questions remain. The relative contribution of afferent fibers from the respiratory muscles and the lungs in determining task failure has to be elucidated. The impact of C-fibers in modulating the response to acute loading must be ascertained and their exact role clarified. Studying acute inspiratory loading in patients who have undergone lung transplantation may shed light on the relative contribution of bronchopulmonary C-fibers in the modulation of central inhibition, alveolar hypoventilation, and task failure during acute loading. Given the considerable redundancy in the respiratory control system, submaximal EAdi at task failure in lung-transplant recipients would not necessarily mean that vagally mediated mechanisms are non-operative; such a result could arise from activation of alternative pathways that compensate for the absence of vagal afferents. Finally, the observation that acute loading is accompanied by improvements in diaphragmatic neuromechanical coupling provides a rationale for studies of acute loading in patients in whom abnormal pulmonary mechanics may preclude such responses, such as patients with COPD in whom expiratory flow limitation precludes a decrease in EELV during expiratory muscle contraction.
Conclusions
Our results demonstrate that hypercapnia during acute loading in awake subjects primarily results from reflex inhibition of central neural output to the diaphragm. That is, the response to acute loading is primarily under the control of cortical motor areas rather than the bulbopontine respiratory centers. Our results also demonstrate that hypercapnia occurs despite improved diaphragmatic neuromechanical coupling, and that task failure is primarily caused by the interplay of several central mechanisms whose common end result is the development of intolerable discomfort to breathe.
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